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Introduction times can only be achieved at the expense of lower on-target fractions. Also, as panel size 93 decreases from ~30 Mbp for whole exome captures to the 10 kbp -100 kbp range 94 commonly used for diagnostic applications, on-target fraction generally decreases as well 95 (16) . Lower on-target results in lower depth of coverage and lower variant sensitivity 96 unless sequencing throughput (and cost) is increased (15, 17) . 97
To the best of our knowledge, the IDT xGen workflow (Integrated DNA Technologies) is 98 the fastest available commercial assay, with a reported workflow time of nine hours. 99
However, this does not include library preparation or pre-amplification which generally 100 adds at least several more hours (depending on method), requiring the workflow to be 101 performed over multiple work days. Other common protocols can span two or more days, 102 such as Roche SeqCap (Roche Sequencing). The length and complexity of these 103 workflows limit their use, especially in clinical settings, where fast turn-around time and 104 ease of use are important.
The LTC method is illustrated in Figure 1 for Illumina sequencers, though it is expected 119 to be compatible with most sequencing platforms. The workflow begins with ligation of 120 short Y-adapters that contain truncated portions of the Illumina P5 and P7 flow cell 121 binding sequences, such that ligated molecules will not bind to the flow cell and be 122 sequenced without further processing. Following ligation and pre-amplification using 123 universal primers, two sequential target-capture-PCR (tcPCR) steps are performed with 124
Probe-Dependent-Primers (PDPs). PDPs consist of non-extendable DNA capture probes 125 linked 5' to 5' with a low melting-temperature universal primer complementary to a 126 portion of the ligated adapter (Figure 1 (ii) and (iii)). When bound to their targets, the 127 probes bring the universal primer into close proximity with the universal priming site on 128 the template, increasing the reaction rate of primer binding and initiating polymerase 129 extension. The polymerase displaces or digests the probe portion of the PDP to make a 130 copy of the entire target template, and the reaction proceeds to the next tcPCR cycle. To 131 create sequencer-compatible libraries, the second tcPCR integrates the full Illumina P5 132 and P7 sequences into the universal primer portion of the PDPs. Both tcPCR reactions are 133 performed above the melting temperature of the universal primers so that amplification is 134 heavily biased towards target-bound PDPs. down-sampled to a fixed number of sequencing clusters (or read pairs) for a given input 163 mass (2 M read pairs for 40 or 50 ng, 0.2 M for 5 ng). Fixing the number of read pairs is 164 important when comparing results, as the same sequencing data analyzed with different 165 numbers of read pairs produces different results (especially in coverage). This is 166 attributed to several factors, including insufficient reads for a given input mass (or a 167 given number of input genomes), and Poisson variation. Fixed-read results are shown in 168 Page 10 of 27 created by the manufacturer to produce a majority of inserts in the range of ~100 bp to 200 250 bp (see Materials and Methods). The recovered insert lengths for these samples 201 represent a good match to the expected size distribution with 89% of targets between 202 100 bp and 250 bp. Enzymatically-sheared DNA samples produced slightly longer 203 inserts, likely a function of the shearing protocol. Additionally, the median insert size for 204 the cfDNA samples was 175 bp in a reasonably narrow distribution, in good concordance 205 with literature (20). A peak was also visible around ~325 bp, suggesting these long 206 fragments may have been wrapped twice around the histone. and by operating at a relatively low temperature compared to the probe binding 292 temperature, while the on-target fraction is increased through many effective capture 293 cycles performed in each tcPCR reaction. An additional benefit of tcPCR is workflow 294 simplicity. In conventional target capture workflows, biotinylated probes typically 295 require binding to streptavidin coated beads to enrich for the target DNA. The subsequent 296 bead capture and wash steps are generally complicated, labor intensive and can be 297 difficult to automate (22) , potentially limiting deployment of target capture workflows in 298 some cases. On the other hand, the LTC tcPCR setup and operation are analogous to a 299 standard PCR reaction, and thus are more familiar to a larger number of technicians, and any library preparation method that introduces the correct adapter sequences, such as 302 single stranded library prep (23) or transposition (24). 303
A related advantage of the combined PCR-capture step is the ability to produce consistent 304 sequencing performance from low input mass samples. Sequencing parameters, including 305 coverage, scaled as expected from the 50 ng samples down to 5 ng, suggesting that LTC 306 is able to recover molecules efficiently across a wide mass range. This is especially 307 important in applications where sample is limiting, and could be tested to even lower 308 limits in a future study. 309
It should be noted that the workflow time and complexity of LTC is comparable to 310 multiplexed PCR (such as AmpliSeq by ThermoFisher) and hybridization extension 311 methods (such as (11)). LTC holds a number of significant advantages over these 312 methods, however. First, since the LTC primers are universal, it does not require sample 313 splitting before amplification to prevent unwanted amplicon formation. This avoids loss 314 of sensitivity and the requirement for large DNA input mass. Second, since LTC probes 315 are displaced by the extended universal primer, sequence information at probe binding 316 sites is retained on the amplified molecules to be sequenced, thus capturing all of the 317 sequence information available from a single fragment. This is in contrast to PCR and 318 hybridization extension methods where any variants contained within a PCR primer 319 binding site are lost after the primer has bound and extended. LTC also retains fragment 320 start and stop positions, which are lost in PCR and hybridization extension methods, and 321 have been shown to provide useful biological information (25). Additionally, it is 322 generally much easier to integrate low variant detection in hybridization capture methods 323 like LTC compared to PCR methods. When UMIs are integrated in ligation as they are in 324 LTC, it is easier to avoid labelling a single molecule with multiple UMIs, which can 325 occur in PCR methods. Also, to our knowledge, it is not possible to integrate duplex 326 sequencing in a PCR-based UMI method, but this has been demonstrated with LTC. 327
Finally, because the challenges associated with multiplex PCR are reduced through the 328 use of universal primers, the LTC workflow can be used for a wide range of panel sizes, 329
including large panels for which multiplex PCR methods would not work. Small panels exome-scale LTC panels may be possible. This is advantageous, as a single workflow 332 could be implemented for multiple assays or applications. 333 LTC has several other unique properties. Primers and probes can be oriented to capture a 334 specific strand of the target duplex DNA (ex: the sense strand, see Materials and 335 Methods), providing an advantage in rare variant detection, or in applications where it is 336 desirable to sequence only one strand of the starting template such as transcriptome 337 sequencing (26). In addition, LTC has been demonstrated in droplets, providing 338 multiplexing capabilities to droplet-based assays not achievable with standard capture 339 methods. 340
The sequencing statistics achieved using Linked Target Capture were excellent, with 341 greater than 91% average on-target and 94% average uniformity, providing cost-effective 342 sequencer usage and leaving little room to improve these metrics. Measuring how these 343 factors scale to much larger panels would be an important part of a future study. Mean 344 target coverage was lower than initially expected, by about two to three fold compared to 345 hybridization capture with similar analysis (27); we suspect this to be due to the lack of 346 we expect LTC to be a high performance target capture method applicable in many 364 settings. specific probes and universal primers. The universal primers (forward and reverse) were 369 manufactured by Integrated DNA Technologies (IDT) and contained a 5' 370 Dibenzocyclooctyl (DBCO) modification. The forward and reverse untailed primers for 371 the first target capture step were CACCGAGATCT and TACGAGATCGG respectively. 372
The forward and reverse tailed primers for the second target capture step were 373 AATGATACGGCGACCACCGAGATCT and 374 CAAGCAGAAGACGGCATACGAGATCGG respectively. 375
Capture probes were designed to cover portions of 35 cancer-related genes, shown in S1 376 Table. Total sequence coverage was 11,473 bp. Probes were designed with adjacent 377 forward and reverse probes covering the desired regions, with zero gap between forward 378 and reverse probes, a minimum length of 30 bp, maximum length of 70 bp, and a melting 379 temperature of ~85 ˚C calculated using uMELT (29) with default conditions. Probes were 380 synthesized by IDT with a 5' azide modification to conjugate with the DBCO on the 381 primer and a 3' inverted dT base, to inhibit polymerase extension. 382
Pools of forward and reverse probes were conjugated with both forward and reverse 383 primers separately by mixing 22.5 μM primer with 10 μM total probe concentration, in 384 0.6x PBS. Each mixture was incubated at 60 ˚C for 16 hours. After incubation, the 385 conjugates were purified using a modified Agencourt AMPure XP Kit (Beckman 386
Coulter) and eluted in 20 μL 0.1x IDTE (IDT). A 2:1 bead to sample ratio was used 387 according to the manufacturer's instructions, except that prior to use, the bead buffer was 388 extracted and replaced with an equal volume of a custom formulated buffer. The custom 389 buffer consisted of 30% w/v PEG-8000, 1 M NaCl, 0.05% v/v Tween 20, 10 mM Tris-390
HCl, and 1 mM EDTA (all reagents from Sigma-Aldrich). Following conjugation, PDPs 391 were quantified using the Qubit ssDNA Assay (ThermoFisher Scientific). Conjugates 392 were made and then stored at -20 ˚C. PDPs consisting of forward probes with forward 393 primers were labelled as FF, reverse probes with forward primers RF, and so on for all 394 four combinations. 395
Sample Sources 397
Four sample types were used in this study: mechanically sheared cell line DNA, 398 enzymatically sheared cell line DNA, plasma-derived cell-free DNA (cfDNA), and FFPE 399 -derived DNA. Mechanically sheared DNA was obtained from Horizon Discovery in 400 mutant (HD786) and wild-type (HD776) standards (Samples 1 and 3, respectively, from 401 Table 2 ). Mechanical shearing was performed by the manufacturer such that around 60% 402 of the templates were within 100 bp to 250 bp, with fragments up to 400 bp. Mutation 403 levels were measured by the manufacturer using droplet digital PCR. Enzymatically 404 sheared cell line was generated from genomic DNA (HD753, Horizon Discovery), 405 following the protocol described below. cfDNA was isolated from single donor human 406 plasma samples (IPLAS -K2 EDTA, Innovative Research), as described below. FFPE-407 derived-DNA was obtained from Horizon Discovery, part number HD799. 408 409
Cell-free DNA Extraction 410
First, 5 mL of plasma was centrifuged for 10 min at 2,000g. cfDNA was isolated from 411 each sample using the QIAamp Circulating Nucleic Acid Kit (Qiagen) according to the 412 manufacturer's instructions. DNA was eluted from the column in 0.1x IDTE in a two-413 step process to maximize elution yield: 50 μL of 0.1x IDTE was incubated in the column 414 for 10 min, followed by a 20,000g spin for 3 min; the column was then re-eluted after a 3 415 min incubation with another 50 μL 0.1x IDTE for a total elution volume of 100 μL. The 416 DNA sample was further purified to remove any potential inhibitors using the Agencourt 417 AmPure XP Kit (Beckman Coulter). A 1.4:1 bead to sample volumetric ratio was used as 418 per manufacturer's instructions, with the sample eluted in 0.1x IDTE. Extracted and 419 purified DNA was then used directly for library preparation, or in cases where library 420 preparation did not proceed within 24 hours, was frozen at -20 ˚C. files. The resulting BAM files were grouped into UMI consensus reads by FGBIO for 516 low level SNV detection. Picard Tools 2.9 (https://github.com/broadinstitute/picard) was 517 then used to collect hybrid selection metrics, including on-target fraction, mean coverage 518 and insert length distributions. SNV, CNV and indel mutation calling was achieved using quantified, but CNVs were identified as "amplified", "deleted" or "copy-number neutral" 521 by the GATK4 CallCopyRatioSegments caller. Fusion detection was measured by 522 comparing Picard de-duplicated reads containing alignments to both the CCDC6 and 523 RET genes. Analysis outputs for assay validation and variant detection can be found in 524
Supplementary Material S2 and S3, respectively. 525
